Multiple sclerosis (MS) is the most prevalent chronic inflammatory disease of the CNS, predominantly affecting young adults.^[@R1],[@R2]^ Pathologic hallmarks of MS include inflammatory infiltrates, oligodendrocyte (OL) loss, and demyelination leading to axonal damage and lapses in action potential conduction.^[@R3],[@R4]^ Axonal neurodegeneration is observed very early in the disease course and is believed to be the primary cause of debilitating physical symptoms including sensory alterations, loss of balance, disturbances of vision or speech, extreme fatigue, muscle weakness, and paralysis, in addition to mental health issues including depression and cognitive impairment.^[@R1],[@R5][@R6][@R7]^ The disease course of MS is typically relapsing-remitting, characterized by alternating clinical attacks and periods of stability with complete or partial recovery, which typically transitions into secondary progressive MS as deterioration progresses.^[@R8]^ Neuroprotection in MS is the strategic prevention of irreversible damage to neuronal and glial cell populations and the promotion of neural regeneration.^[@R9]^ Most existing MS therapies are immunomodulatory in nature and add support to the hypothesis that inflammation drives the neurodegeneration observed.^[@R8],[@R10]^ Immune-mediated damage is amplified by neurodegeneration in damaged axons including anterograde or retrograde axonal or transsynaptic degeneration, synaptic pruning, and neuronal or OL death.^[@R11]^

OL development begins when neural progenitor cells in the ventricular zone are exposed to environmental signals including platelet-derived growth factor (PDGF), fibroblast growth factor-2, insulin-like growth factor-I, and epidermal growth factor to differentiate into highly proliferative, migratory, and bipolar OL precursor cells (OPCs).^[@R12][@R13][@R14]^ These growth factors also promote the widespread migration and proliferation of OPCs throughout the entirety of the CNS.^[@R13],[@R15]^ OPC molecular markers include neural/glial antigen 2 and PDGF receptor α and the expression of transcription factors Olig1 and Olig2.^[@R16]^ Contrary to the factors that support OPC proliferation, thyroid hormone triiodothyronine (T3), neuregulin-1 and transforming growth factor-β1, ciliary neurotrophic factor (CNTF), and cyclic adenosine monophosphate (cAMP) promote OPC maturation.^[@R17][@R18][@R21]^ Hallmarks of OL maturation and myelination include expression of OL surface proteins O1 and O4, 2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNPase), myelin basic protein (MBP), proteolipid protein, myelin oligodendrocyte glycoprotein (MOG), and myelin-associated glycoprotein (MAG) and expression of transcription factors Olig1 and Olig2^[@R16],[@R22]^; transcription factors that influence gene expression (by driving or repressing transcription) may also be relevant to these processes. It is apparent that there are many complex timing and molecular factors in OL maturation, ultimately leading to myelination of neurons. Understanding and capitalizing on these maturation mechanisms has tremendous potential for neuroprotective and neuroregenerative MS therapies, as improving myelination processes in OLs could decrease axonal loss and ultimately translate to an improved prognosis for patients with MS.

Aryl hydrocarbon receptor nuclear translocator 2 (ARNT2) is a member of the basic helix-loop-helix (bHLH) PAS transcription factor family, which forms heterodimers to regulate target gene expression and is highly responsive to environmental and physiologic signals.^[@R23]^ It is highly expressed in the CNS and plays an important role in neuronal development. ARNT2 has been linked to neuroprotection: *Arnt2* gene transcript levels declined significantly following 2 hours of postischemic reperfusion, preceding neuronal death at 24 hours.^[@R24]^ ARNT2 was thought to protect against apoptosis, with small interfering RNA (siRNA)-mediated downregulation of ARNT2 driving apoptosis of PC-12 cells, and rapid and strong downregulation of ARNT2 before oxidative stress--induced death.^[@R24]^ A lack of hypothalamic neuroendocrine lineage formation, impaired regulation of hypoxia inducible factor-1 target genes, and thymic defects contribute to perinatal death of *Arnt2* homozygous knockout mice and rats within the first day to 2 weeks after birth.^[@R25][@R26][@R28]^

Previous work from our group has shown that neuronal *ARNT2* expression is upregulated in response to certain stressors, whereas declining ARNT2 expression is associated with a decrease in cellular health/viability.^[@R29],[@R30]^ ARNT2 expression decreased at peak disease in the brains and spinal cords of mice immunized for experimental autoimmune encephalomyelitis (EAE), the prototypical model of MS. In those studies, we observed *ARNT2* expression in astrocytes.^[@R29]^ This study examines ARNT2 expression in OLs during EAE and characterizes its expression through differentiation in vitro and its functional relevance to OL maturation.

Methods {#s1}
=======

EAE induction {#s1-1}
-------------

Female C57BL/6 mice (Jackson Laboratories, 6--8 weeks of age) were immunized for chronic progressive EAE as described^[@R31]^ with 200 µg of MOG~35-55~ peptide (MEVGWYRSPFSRVVHLYRNGK; Stanford Pan Facility, Stanford, CA) in incomplete Freund adjuvant boosted with 4 mg/mL *Mycobacterium tuberculosis* (H37Ra, now complete Freund adjuvant \[CFA\]), whereas control or sham-immunized mice were immunized with CFA only. All mice received pertussis toxin (List Biologicals, Campbell, CA) intraperitoneally that day and 2 days later. Mice were weighed biweekly and scored daily on a scale from 0 to 5 for severity of clinical symptoms: 0--0.5 indicated no disease/distal limp tail, 1.0 limp tail, 2.0 weakness in one or 2.5 in both hind limbs/slipping on bars, 3.0--3.5 paralysis in one or both hind limbs, 4.0--4.5 hind limb paralysis plus weakness in one or in both forelimbs, and 5 for moribund animals. Sections spanning different levels of the spinal cord (T1/2, T5/6, T12/13, and L5/6) were examined in 6 CFA sham-immunized mice and 5 EAE mice at peak disease (day 18) to total 22--28 sections per treatment group. All sections of the EAE spinal cords showed evidence of immune infiltration in mice whose disease severity scores averaged 3.25 ± 0.67 and ranged from 2.5 to 4.0. Animal use was approved by the University of British Columbia Animal Care Committee (certificate \#A130281) and per CCAC guidelines.

Processing of EAE tissues for immunohistochemistry {#s1-2}
--------------------------------------------------

Mice were transcardially perfused with PBS, followed by 10% buffered formalin, while under anesthesia with a ketamine/xylazine cocktail.^[@R29]^ After 3--5 days postfixation, spinal cords were removed and cryoprotected in 30% sucrose solution. After trimming into 5-mm sections and embedding in optimal cutting temperature compound (VWR, Radnor, PA), 5-µm sections were prepared on a cryostat. Sections were permeabilized with 0.1% triton X-100 (Fisher) and blocked before incubation with antibodies to ARNT2, glial fibrillary acidic protein (GFAP), Olig2, and immunoglobulin (IgG) control antibodies overnight (see supplementary table e-1, [links.lww.com/NXI/A253](http://links.lww.com/NXI/A253)). After incubation with secondary antibody and nuclear staining with DAPI, Zeiss software Zen (Version 2.0.0.0) was used for image analysis. Nuclei positive for Olig2 (2 SDs greater than the mean intensity measured in central canal ependymal (Olig2 negative) cells and negative for GFAP (SD of GFAP mean intensity less than 700) were selected: the average fluorescence intensity per pixel for ARNT2 over the area of the positive nucleus was measured. ARNT2 intensities were first normalized to the average value for ARNT2 mean intensity in 10 random nucleus-free regions of the gray matter on each section to account for any background staining between sections. Cells were considered ARNT2 positive when ARNT2 mean intensity over the area of the nucleus was 2 SDs above the average background intensity from 10 gray matter areas. The number of OLs in the gray (GM) or white matter (WM) was assessed and normalized to the surface area of the WM or GM mask to obtain cell number per mm^2^.^[@R30]^

Primary cortical neuronal-enriched or OPC cultures {#s1-3}
--------------------------------------------------

Embryonic day 18 (E18) rat cortices were provided by Dr. Shernaz Bamji (University of British Columbia, Vancouver, BC) and cultured as previously described^[@R32]^ in Neurobasal® media (Thermo Fisher Scientific, Waltham) supplemented with B-27 (Gibco, Thermo Fisher Scientific). Primary mouse oligospheres and OPCs were generated from mouse neurospheres as described^[@R33]^ and maintained in proliferation medium (DMEM/F12, 25 μg/mL insulin, 100 μg/mL apotransferrin, 20 nm progesterone, 60 μm putrescine, and 30 nm sodium selenite, 20 ng/mL PDGF-AA, 20 ng/mL bFGF) as oligospheres in suspension or as adherent OPCs. For differentiation experiments, OPCs were maintained in OPC proliferation medium for 5 days and then cultured in differentiation medium (neural culture medium containing 10 ng/mL CNTF \[Peprotech\], 5 μg/mL N-acetyl-[l]{.smallcaps}-cysteine, and 50 nM triiodothyronine) for 5 days.

Immortalized OPC cultures and siRNA-mediated knockdown of ARNT2 {#s1-4}
---------------------------------------------------------------

A useful in vitro model of OPC maturation is the immortalized O-2A OPC cell line Oli-neu,^[@R34]^ which can be matured into myelinating OLs using dibutyryl cAMP (dbcAMP) or neuronal culture media.^[@R35]^ Oli-neu cells (neu-immortalized OPC cells, provided by C. Pallen in collaboration with R. Kothary, University of Ottawa, Canada) were maintained in growth medium: DMEM medium containing SATO supplement (1% horse serum, Invitrogen; 10 μg/mL holo-transferrin, Sigma; 10 μg/mL insulin, Sigma; 0.1 mM putrescine, Sigma; 0.2 µM progesterone, Sigma; 0.5 µM T3 hormone, Sigma; 0.22 µM sodium selenite, Sigma; 0.52 μM [l]{.smallcaps}-thyroxine, Sigma) at 5% CO~2~ and 37°C. At day 3, cells received differentiation medium: DMEM containing SATO supplement and 1 mM dbcAMP (Sigma). For siRNA knockdown, Oli-neu cells were plated in a 96-well plate as above, and on day 3, cells received a media change or received the differentiation medium (DMEM, SATO supplement and 1 mM dbcAMP). At day 6, cells were transfected with a scramble siRNA 5\'rCrUrArArCrGrCrGrArCrUrArUrArCrGrCrGrCrArArUrArUrGrGrU3′ 5\'rCrArUrArUrUrGrCrGrCrGrUrArUrArGrUrCrGrCrGrUrUAG3′ or a siRNA targeting ARNT2 5\'rCrUrGrArUrGrArGrArUrCrGrArGrUrArCrGrUrCrArUrCTG3′ 5\'rCrArGrArUrGrArCrGrUrArCrUrCrGrArUrCrUrCrArUrCrArGrArG3\' (3 pmol per well) using the Lipofectamine transfection reagent RNAiMAX (0.1 µL per well) (Invitrogen) and analyzed 48--72 hours later with immunocytochemistry.

Immunocytochemistry {#s1-5}
-------------------

After fixation, cells were permeabilized with 0.1% Triton X-100 (Fisher) and blocked with normal serum before incubation with primary antibodies or IgG controls (supplementary table 1, [links.lww.com/NXI/A253](http://links.lww.com/NXI/A253)) overnight and then washed with PBS and incubated with secondary antibodies for 1 hour at room temperature. After washing with PBS and staining nuclei with Hoechst or DAPI, cells were visualized as for immunohistochemistry. Twenty images were taken of different regions in each well, with at least 3 technical replicates. ARNT2 expression in cells was assessed by quantifying the mean intensity of ARNT2 over the area of the nucleus and then compared between all nuclei or nuclei surrounded by MAG.

RNA-seq {#s1-6}
-------

Cells treated for siRNA-mediated knockdown were harvested after 48 hours of knockdown with a scramble or ARNT2-specific siRNA. After washing, cells were lysed and processed with RNAzol and confirmed for ARNT2 knockdown of 70%--80% in each paired sample set. Sample quality control was performed using the Agilent 2100 Bioanalyzer. Qualifying samples were then prepared following the standard protocol for the NEBNext Ultra II Stranded mRNA (New England Biolabs). Sequencing was performed on the Illumina NextSeq 500 with paired end 42 × 42bp reads. Sequencing data were demultiplexed using Illumina\'s bcl2fastq2 and aligned to the *Mus musculus* (mm10) reference genome using the STAR aligner.^[@R36]^ Assembly and gene counts were generated using Cufflinks^[@R37]^ through bioinformatics apps available on Illumina Sequence Hub. Differential expression between scramble and ARNT2-targeted knockdown was determined with DESeq2 lfcShrink on genes with a minimum of 10 reads across samples. Enrichment analysis of Gene Ontologies and Kyoto Encyclopedia of Genes and Genomes pathways was calculated using the Database for Annotation, Visualization, and Integrated Discovery v6.8.^[@R38]^ Benjamini-Hochberg false discovery rate (FDR) correction for multiple testing was used for gene expression profiling and pathway analysis.

Statistical analysis {#s1-7}
--------------------

All statistical analysis and graphing were performed using GraphPad Prism (version 8, La Jolla, CA). For analysis of ARNT2 intensities in Oli-neu and analysis of different sections of the spinal cord or different siRNA knockdown approaches, 2-way analysis of variance were performed, followed by the Sidak multiple comparisons test. For analysis of ARNT2 intensity in cortical neuronal-enriched primary cultures and ARNT2 mean intensity analysis in WM and GM, the Mann-Whitney *t* test was performed.

Data availability {#s1-8}
-----------------

Data not provided in the article because of space limitations can be shared at the request of other investigators for purposes of replicating procedures and results.

Results {#s2}
=======

OL number and ARNT2 expression change during EAE disease course {#s2-1}
---------------------------------------------------------------

A transcriptome database shows that ARNT2 expression is decreased sequentially when comparing OPCs with newly formed OLs and then with myelinating OLs in mouse cortical populations ([figure 1](#F1){ref-type="fig"}). We next characterized the expression of ARNT2 in OLs of EAE and sham-immunized mice. At peak disease, thoracic and lumbar spinal cord sections from EAE mice showed a significant increase in the number of Olig2^+^ cells (GFAP^−^ OLs and OPCs) within spinal WM regions compared with sham-immunized mice ([figure 2A](#F2){ref-type="fig"}). The mean OL/OPC count in the thoracic (258.3 ± 142.4 cells/mm^2^, n = 12) and lumbar (383.8 ± 212.3 cells/mm^2^, n = 10) regions of WM of EAE mice increased compared with WM of sham mice in the thoracic (140.2 ± 32.2 cells/mm^2^, n = 14) and lumbar (175.1.0 ± 40.4 cells/mm^2^, n = 13) regions, respectively (*p* = 0.0352 and *p* = 0.0003). No significant differences in OPC/OL count were observed in the cervical WM or any GM spinal regions ([figure 2A](#F2){ref-type="fig"}).

![RNA expression in mouse cortex cells determined by RNA-seq\
ARNT2 mRNA was detected in neurons and glia. Transcription of ARNT2 mRNA is highest in OL precursor cells and progressively decreased as they developed into newly formed OLs and then matured into myelinating OLs.^[@R60]^ ARNT2 = aryl hydrocarbon receptor nuclear translocator 2; FPKM = Fragments per kilobase of transcript per million mapped reads; OL = oligodendrocyte.](NEURIMMINFL2019024968f1){#F1}

![OL ARNT2 expression is decreased during peak EAE disease\
(A) The number of Olig2^+^/glial fibrillary acidic protein cells (OLs) was significantly increased in the WM regions of EAE mice compared with sham-immunized mice. "C" denotes the cervical, "T" the thoracic, and "L" the lumbar spinal section. No significant differences were observed in the cervical or GM spinal regions. (B) The percentage of Olig2^+^ cells positive for ARNT2 is reduced in the thoracic and lumbar regions in both WM and GM of EAE mice. (C) IHC of mouse spinal cord sections from sham-immunized (upper) and EAE (lower) mice shows a visible decrease in ARNT2-expressing Olig2^+^ OLs (yellow). (D and E) ARNT2 intensity decreased in WM and GM in pooled thoracic and lumbar spinal regions in mice at peak EAE disease relative to sham-immunized mice. \**p* \< 0.05, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001, mean ± SD is shown. (A--B) Two-way ANOVA, followed by the Sidak multiple comparisons test. (D and E) Mann-Whitney *t* test. ANOVA = analysis of variance; ARNT2 = aryl hydrocarbon receptor nuclear translocator 2; EAE = experimental autoimmune encephalomyelitis; GM = gray matter; OL = oligodendrocyte; WM = white matter.](NEURIMMINFL2019024968f2){#F2}

Olig2^+^ cells expressing ARNT2 could be detected throughout the WM and GM of sham-immunized mice ([figure 2B--C](#F2){ref-type="fig"}). Although 90%--100% of Olig2^+^ cells in the WM and GM at each level of sham-immunized animals are positive for ARNT2, the percentage of Olig2^+^ cells positive for ARNT2 was significantly lower at the thoracic and lumbar spinal cord levels of EAE animals; this was evident in both WM regions (thoracic: sham %88.4 ± 5.7, n = 14 vs EAE %51.7 ± 18.7, n = 12; *p* \< 0.0001; lumbar: sham %92.3 ± 5.6, n = 13 vs EAE %61.3 ± 16.3, n = 8; *p* \< 0.0001) and GM regions (thoracic: sham %93.0 ± 4.1, n = 14 vs EAE %56.0 ± 21.4, n = 13; *p* \< 0.0001; lumbar: sham %94.9 ± 3.6, n = 13 vs EAE %50.6 ± 20.1, n = 8; *p* \< 0.0001). Similarly, ARNT2 intensities of OLs/OPCs (Olig2^+^/GFAP^−^ cells) were significantly lower in EAE animals than sham-immunized animals in both WM (1.56 ± 0.47 vs 2.67 ± 0.43, *p* \< 0.0001) and GM regions (1.54 ± 0.66 vs 3.56 ± 0.58; *p* \< 0.0001) ([figure 2D](#F2){ref-type="fig"}) examined.

Primary OL cultures display low ARNT2 expression {#s2-2}
------------------------------------------------

We next examined ARNT2 expression in OLs within mature neuronal-enriched cortical cultures. Our DIV14 cultures showed few contaminating CNPase^+^ mature OLs, yet those detected were consistently low or negligible for ARNT2 expression ([figure 3A--C](#F3){ref-type="fig"}), particularly compared with the average and range in intensities of the mixed population of neurons, astrocytes, and few contaminating microglia, which were also present: OLs 1,850 ± 30.1 vs other cell types 4,455 ± 60.1 (*p* \< 0.0001). We also examined ARNT2 expression in primary enriched cultures of murine OPCs ([figure 3D--E](#F3){ref-type="fig"}) and compared expression in these OPCs with OLs that had been matured with growth factors ([figure 3F--I](#F3){ref-type="fig"}). Although ARNT2 was readily apparent in primary OPCs ([figure 3D--E](#F3){ref-type="fig"}), it was not detected in MBP^+^ cells despite being very prominent in GFAP^+^ astrocytes. Both OL cultures exhibited low or negligible ARNT2 expression compared with that observed in OPCs or surrounding neuronal or astrocytic populations ([figure 3F--I](#F3){ref-type="fig"}).

![Mature OLs display low ARNT2 expression relative to surrounding neural cells\
(A--C) Mature OLs identified as CNPase+ cells in DIV14 neuronal-enriched primary cortical cultures exhibited lower ARNT2 expression relative to surrounding CNPase− cells that were typically neurons or astrocytes. (D and E) Primary murine OL precursor cells enriched from neuronal progenitor populations were typically high expressors of ARNT2 as shown by frequent coexpression of Olig2 and ARNT2. Following maturation with growth factors (F--I), increases in MBP^+^ cells with numerous complex cell processes were observed; these cells were typically negligible for ARNT2 compared with GFAP^+^ astrocyte (G) and rare MAP2^+^ neurons (I), which expressed ARNT2. \*\*\*\**p* \< 0.0001, mean ± SD is shown, Mann-Whitney *t* test. ARNT2 = aryl hydrocarbon receptor nuclear translocator 2; CNPase = 2′,3′-cyclic nucleotide 3′-phosphodiesterase; GFAP = glial fibrillary acidic protein; MBP = myelin basic protein; OL = oligodendrocyte.](NEURIMMINFL2019024968f3){#F3}

Neutralizing ARNT2 expression limits the expansion of immature cells and enriches for mature Oli-neu cells {#s2-3}
----------------------------------------------------------------------------------------------------------

The Oli-neu cell line was used to examine the functional relevance of ARNT2 expression to the process of OL maturation. Immortalized Oli-neu cells are OPCs, which can undergo differentiation in vitro to produce myelin components integrated within complex cytoplasmic processes including MAG^[@R34],[@R35]^ and CNPase.^[@R39],[@R40]^ Immature Oli-neu cells were compared with mature cells following 5 days of treatment with dbcAMP where mature cells are distinguished by MAG positivity on complex arbors extending from the cell body. Immature Oli-neu cells express moderate to high levels of ARNT2, which drop significantly by 5 days of maturation with dbcAMP ([figure 4A](#F4){ref-type="fig"}). Maturation with dbcAMP reduced ARNT2 mean intensity in the presence of scramble siRNA (scr) from 1.26 ± 0.12 (scr−dbcAMP) to 1.19 ± 0.045 (scr+dbcAMP) (*p* \< 0.0001) ([figure 4C](#F4){ref-type="fig"}). ARNT2-targeting siRNA reduced the intensity of ARNT2 expression in immature and mature cultures significantly (−dbcAMP scr 1.26 ± 0.12 vs ARNT2 0.99 ± 0.06, *p* \< 0.0001; +dbcAMP scr 1.19 ± 0.045 vs ARNT2 1.02 ± 0.06, *p* \< 0.0001) ([figure 4C](#F4){ref-type="fig"}). We further found that siRNA-mediated knockdown of ARNT2 affected the density of immature and mature Oli-neu significantly, lowering density, and likely proliferation over the knockdown period from 185.4 ± 63.9 to 62.3 ± 43.6 cells/mm^2^ (*p* \< 0.0001) for the immature culture and from 160.1 ± 99.1 to 554.3 ± 47.5 cells/mm^2^ for the mature culture (*p* \< 0.0001), a drop of 33% and 34%, respectively ([figure 4B](#F4){ref-type="fig"}). SiRNA-mediated knockdown of ARNT2 had no significant effect on the proportion of mature MAG-expressing Oli-neu cells maintained in proliferation media (lipofectamine reagent alone---LP 0.2 ± 0.7% vs scr 0.2 ± 1.2% vs ARNT2 0.7 ± 3.7%) ([figure 4D](#F4){ref-type="fig"}) suggesting that ARNT2 knockdown alone is not sufficient to drive full Oli-neu maturation/MAG expression. In contrast, the percentage of mature OLs was nearly doubled with ARNT2 knockdown 5 days after the start of maturation with dbcAMP to 20.6 ± 12.4% mature cells in the culture compared with 13.6 ± 9.5% with maturation in the presence of LP alone or 12.2 ± 8.2% in the presence of LP plus scramble siRNA (*p* \< 0.0001). In this regard, elimination of ARNT2 significantly enriched the percentage of MAG^+^ mature cells in cultures that received dbcAMP.

![siRNA-mediated knockdown of ARNT2 affects cell viability\
(A) Immature Oli-neu cells express high levels of ARNT2 (yellow, −dbcAMP), which are reduced as cells are exposed to maturation media (+dbcAMP for 5 days). (B) siRNA specific to ARNT2 limits the expansion of immature and mature Oli-neu cells. (C) siRNA-mediated ARNT2 knockdown decreases the mean ARNT2 intensity of both immature and mature Oli-neu cells in culture, where 1 is negative or the value observed with the isotype control. (D) The percentage of mature/myelin-associated glycoprotein--expressing Oli-neu cells was significantly higher when treated with ARNT2 siRNA compared with scramble siRNA. \*\*\*\**p* \< 0.0001, mean ± SD is shown. Two-way ANOVA, followed by the Sidak multiple comparisons test. ANOVA = analysis of variance; ARNT2 = aryl hydrocarbon receptor nuclear translocator 2; dbcAMP = dibutyryl cyclic adenosine monophosphate; siRNA = small interfering RNA.](NEURIMMINFL2019024968f4){#F4}

Targeting ARNT2 alters myelin and differentiation pathways {#s2-4}
----------------------------------------------------------

Transcriptome analyses of Oli-neu cells treated with siRNA-targeted ARNT2 knockdown (n = 3) showed significant differences in expression for 12 genes (FDR \< 0.05, log~2~ fold (L2F)\>\|0.5\|) compared with scramble-treated cells (n = 3) ([figure 5A](#F5){ref-type="fig"}). In addition to changes in gene expression, we noted a change in morphology with an elongated shape and increased numbers of processes ([figure 5B](#F5){ref-type="fig"}) that mirror changes observed in OPC differentiated ex vivo in previous studies.^[@R41]^ Pathway analysis of 195 genes with a *p* value of \<0.05 before correction and L2F \> \|0.5\| identified enrichment in pathways related to axon guidance, cell adhesion, CNS myelination as well as extracellular matrix--receptor interactions, and PI3K-Akt signaling pathways ([figure 5C](#F5){ref-type="fig"}).

![ARNT2 knockdown alters myelin and differentiation pathways\
(A) Heatmap of normalized transform gene expression (log~2~(n + 1)) in Oli-neu cells after treatment with scramble or ARNT2-targeted small interfering RNA (L2F \> \|0.5\|, FDR \< 0.05). (B) Oli-neu cells show elongated cell bodies and greater spreading with greater processes associated with decreased ARNT2 expression (yellow) following ARNT2 knockdown (KD). (C) Pathway analysis of 195 genes with a *p* value of \<0.05 and L2F \> \|0.5\| secondary to ARNT2 KD in Oli-neu cells. ARNT2 = aryl hydrocarbon receptor nuclear translocator 2; ECM = extracellular matrix; FDR = false discovery rate; KEGG = Kyoto Encyclopedia of Genes and Genomes; L2F = log~2~ fold; Scr = scramble.](NEURIMMINFL2019024968f5){#F5}

Discussion {#s3}
==========

Given the importance of myelin to neuronal saltatory conduction and axonal support,^[@R42]^ strategies that support OPC maturation into myelinating OLs also have promise as neuroprotective therapies.^[@R43]^ The transcription factor ARNT2 is highly expressed in neurons and has a critical function in neuronal development.^[@R44]^ Here, we demonstrate that ARNT2 is expressed in OPCs and OLs from 3 sources: mouse spinal cords, primary rodent cells, and immortalized Oli-neu cells. This description of ARNT2 expression in OLs or their precursors provides insight into a potential differentiation pathway for myelin production that may be influenced by ARNT2. Mature Oli-neu cells showed decreased ARNT2 expression compared with immature Oli-neu cells. Consistent with these findings, low ARNT2 expression was also observed in primary culture mature OLs compared with surrounding cells in neuronal-enriched rat cortical culture. Our findings demonstrate differential ARNT2 expression between mature and immature OL cells, although further studies are necessary to determine whether ARNT2 regulation plays a direct functional role in OL maturation and myelination processes. ARNT2 knockdown in Oli-neu cultures showed increases in *Cntn1*, *Olig1*, and *Smoc1* by 2 days after treatment, each of which shows factors which in vivo have the highest relative expression in cortical OPCs and decline successively in newly myelinating OLs and mature OLs.^[@R45]^ These early increases in *Cntn1* and *Smoc1* after ARNT2 knockdown mirror those in a functional genomic analysis of OL differentiation performed ex vivo on rat OPCs where early increases in *Smoc1* and *Cntn1* were detected over the first 2--3 days.^[@R41]^ This suggests that decreases in ARNT2 expression in vivo may be coinciding with an OPC mobilization and early stages of differentiation necessary for myelination in later stages.

Differences in OL ARNT2 protein expression were revealed between the GM and WM of sham and EAE mice, suggesting that pathologic processes in EAE may be the driver of altered ARNT2 expression in OLs. Our own work in EAE showed that the degree of inflammatory infiltration, demyelination, and axonal damage all correlated with reduced levels of ARNT2 in neurons,^[@R30]^ and the same correlations may exist here. The thoracic and lumbar spinal sections of EAE mice exhibited reduced GM and WM OL ARNT2 expression and an increased number of WM OL cells. However, these changes were not detected in cervical regions of the cord, likely because pathology (axonal loss, demyelination, and inflammation) is greater in the lower regions of the cord in this model of ascending paralysis.^[@R46]^ Our in vitro studies revealed that maturation of primary cultures and immortalized OPC cultures gave way to reduced ARNT2 expression, which matched the RNA-seq data that showed sequentially lower levels of RNA message in mouse cortical samples comparing OPCs to immature OLs to myelinating OLs (per [figure 1](#F1){ref-type="fig"}). Although our data showed enrichment of myelinating cells in the presence of maturation signals and ARNT2 knockdown, ARNT2 knockdown alone did not enhance maturation as measured by MAG expression at the time we examined shortly after knockdown. This is likely because MAG and other myelin proteins are expressed at a later stage in the differentiation process.^[@R41]^ Oli-neu could not be followed for longer than 3 days due to reduced viability after ≥75% decrease in ARNT2 expression. Because ARNT2 knockdown tended to limit the expansion of ARNT2+ Oli-neu (and because immature Oli-neu also had higher levels of ARNT2 at the outset), our results may also be explained by the association of ARNT2 with cell proliferation and cell cycling pathways.^[@R24]^ Indeed, the combination of reduced proliferation and early signals to differentiate may be what enables enrichment of mature OLs in our cultures and in turn may drive maturation in vivo.

Given that ARNT2 has been proposed as an inhibitor of apoptosis, it may be that the loss of ARNT2 puts OLs at risk of increased apoptosis and ultimately loss in response to inflammatory mediators or other stressors in the EAE lesion. Furthermore, mutations in ARNT2 that were thought to influence neuronal development may instead contribute to failures to generate mature OLs or to mobilize OPCs at times of need and failures to myelinate, as observed in affected members of a family with ARNT2 frameshift mutations: children had normal brain volume at birth, but all subsequently developed secondary microcephaly within months. This progressive neurodegenerative condition may be attributed to decreased dendritic connection or activity of a (near) normal number of neurons,^[@R47]^ but could rather be linked to greater demonstrated degrees of hypomyelination or immature myelin by MRI.^[@R48]^

Finally, recent studies have shown that unlike the typical homo- or heterodimerization patterns observed in bHLH family members where dimerization drives transcription of a set of downstream target genes, ARNT2 may act as a repressor that when bound to any of its partners acts as a block to transcription rather than a driver. ARNT2 is the major heterodimeric partner of neuronal PAS domain 4 (NPAS4) in the brain^[@R49],[@R50]^; NPAS4/ARNT2 complexes regulate brain-derived neurotrophic factor transcription, a major mediator of physiologic functions including activity-dependent functions, axonal growth, and a key molecule in neuronal and axonal survival with impact on memory, learning, and neurogenesis.^[@R51][@R52][@R55]^ Recently, a repressor role in this pairing was described in neurons,^[@R56]^ and given that other potential partners of ARNT2 may be expressed by OLs at different stages of differentiation, identifying additional partners and downstream targets are a key priority in characterizing functional roles for ARNT2 in OL development. Because ARNT2 deletion limited expansion but did not drive maturation to the extent that myelin proteins were significantly increased, we proposed that it may be serving to fine tune gene expression in OLs as well, perhaps to limit timing when maturation or differentiation might otherwise occur. This may explain why ARNT2 expression is reduced in EAE, as a means to allow and more precisely orchestrate myelination and thus repair. Notably, *Cntn1* and other contactin family members are involved in OL membrane extension and myelination, including the signaling between axons and myelinating glial cells for radial and longitudinal organization of myelinated axons.^[@R57]^ Of interest, ARNT2 does exhibit the ability to interact with hypoxia inducible factor-1 alpha (HIF-1α) and induce [hypoxia](https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hypoxia) element-driven gene expression^[@R58]^; this observation links the high metabolic demands of OLs to environmental regulation of myelinating processes described previously through HIF-1α.^[@R59]^

To discern these possibilities, targeted knockdown of ARNT2 to OLs at key time points in the onset and progression of disease in vivo will be required. Similarly, targeting ARNT2 in either immature or mature OL populations will help discern ARNT2\'s potential for therapeutic intervention as a means to influence remyelinating and reparative processes that ultimately may benefit those affected by demyelinating disorders such as MS.

In summary, this study characterizes ARNT2 protein expression in OLs in vivo and in vitro. We propose that reduction of OL ARNT2 expression is an important mechanism to orchestrate OPC maturation and remyelination based on higher ARNT2 expression in immature OLs that decreases as cells mature. Although further studies are needed to understand the specific inflammatory cells or mediators that regulate OPC and OL ARNT2 expression during chronic inflammatory settings, the potential for ARNT2 and its partners to influence reparative processes warrants its consideration as a target for intervention in demyelinating disorders such as MS.
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ARNT2

:   aryl hydrocarbon receptor nuclear translocator 2

bHLH

:   basic helix-loop-helix

cAMP

:   cyclic adenosine monophosphate

CFA

:   complete Freund adjuvant

CNPase

:   2′,3′-cyclic nucleotide 3′-phosphodiesterase

CNTF

:   ciliary neurotrophic factor

dbcAMP

:   dibutyryl cyclic adenosine monophosphate

EAE

:   experimental autoimmune encephalomyelitis

FDR

:   false discovery rate

GFAP

:   glial fibrillary acidic protein

GM

:   gray matter

HIF-1α

:   hypoxia inducible factor-1 alpha

IgG

:   immunoglobulin G

L2F

:   log~2~ fold

MAG

:   myelin-associated glycoprotein

MBP

:   myelin basic protein

MOG

:   myelin oligodendrocyte glycoprotein

Npas4

:   neuronal PAS domain 4

OL

:   oligodendrocyte

OPC

:   OL precursor cell

PDGF

:   platelet-derived growth factor

siRNA

:   small interfering RNA

WM

:   white matter
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